Abstract-The geometrical morphologies fabricated by continuous and interlacing printing modes on untreated multi-crystalline solar cells are quantitively explored for uniform and high aspectratio finger electrodes. The voltage waveform of printhead is well modulated by in-house developed inkjet prototype printer for optimizing the droplet volume and velocity. As the fingers are fabricated with continuous printing mode by varying printing parameters, the bulging and coffee ring morphologies could not be eliminated resulting from the rough and anisotropic features. The interlacing printing mode is first introduced for finger electrodes fabrication. Results show that the width of the printed finger is not influenced by the printing layers and maintains the stable values of ∼60 µm with pre-heating temperature 80°C. Moreover, the interlacing printing mode has a high tolerance of droplet spacing variance (30-45 µm) and suppresses the coffee ring morphology which obtains uniform finger electrodes. The study not only offers good guidance of finger electrodes fabrication for multi-crystalline solar cell manufacturing, but also proposes in-depth insights for the three-dimensional circuit structures fabrication of the emerging printed electronics.
technique in photovoltaic industry for solar cell finger electrodes fabrication featured with low cost and highly reliability. However, due to the direct-contact nature of conventional screen printing, several concerns should be addressed including the high-aspect-ratio geometrical morphology of finger electrodes and mechanical breakage for thin crystalline wafers. Therefore, the alternative finger electrodes fabrication featuring with noncontact has been an attractive research field for the photovoltaic industry.
In recent decades, inkjet printing has drawn considerable attention in crystalline silicon photovoltaics [3] , perovskite [4] , [5] , and organic solar cells [6] , [7] . With the feature of intrinsic non-contact working principle [8] , the mechanical damage of thin wafers could not be introduced which reduces the process cost. Moreover, the drop-on-demand characteristic consumes small amounts of Ag materials and programmable patterns could offer more scalabilities of production. Therefore, inkjet printing has been considered as an alternative to screen printing in the finger electrodes metallization process. Shin [9] inkjet-printed the seed pattern on textured silicon solar wafers. Before inkjet fabrication, the SiN x layer and hydrophobic coating were removed by selective laser ablation. The obtained geometry of the seed pattern is approximately 58.5 ± 1.2 μm width with 1.81 μm height. Similarly, Ebong et al. [10] employed the Xjet Solar inkjet printer to fabricate a thin seed layer. Further electroplating process was performed which could help obtain highquality contacts for high-sheet-resistance emitter. However, the electroplating metallization process had the disadvantages such as rough morphology of finger electrode and the additional cost for chemical wastes. Therefore, researchers were devoted to fabricate the fully inkjet-printed high-aspect-ratio finger electrodes whose multiple layers were inkjet-printed directly to replace the silver electroplating process. Ebong et al. [11] deposited the seed layer to form good Ag/Si contacts and then inkjet-printed full front fingers on alkaline-textured silicon wafers. They reported that less consumptions of Ag could obtain a high efficiency by the inkjet technology compared with the screen printing. Gizachew et al. [12] provided a systematic investigation for front line metallization by integrated approaches including optimized printing parameters, solid loading, and multiple layers printing using an industrial prototype inkjet printer. To obtain thicker silver fingers, multiple layers of inkjet printing were performed on polished and alkaline-textured mono-crystalline 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. silicon wafers and ∼200 μm width of printed finger was obtained. Shin et al. [13] fabricated the finger electrodes on the multi-crystalline silicon cells with direct inkjet metallization. To obtain narrow printed silver lines, the surfaces of silicon wafers were treated to be hydrophobic and antireflection coatings were selectively removed by a laser process. The effects of silver particle size in nanoinks on the solar cell efficiency were investigated which could offer good directions for high-efficiency solar cells. From the above, researchers deposit the silver inks onto the polished or hydrophobic coated crystalline silicon cells to fabricate finger electrodes. Actually, the treated silicon surface could help modulate the desired uniform geometrical morphology for printed fingers [14] , [15] . However, the multi-crystalline silicon wafers which are widely used in photovoltaics industry have rough and anisotropic features after antireflection coating process. Consequently, it is difficult for jetted droplets to form desired uniform patterns particularly for the high aspect-ratio geometrical morphologies of finger electrodes. In this study, we focus on the investigation of geometrical morphology for high aspect-ratio finger electrodes inkjet-printed on untreated multi-crystalline solar cells. By employing the in-house developed inkjet prototype printer, the inkjet-printed line formation is performed and quantitively explored with continuous and interlacing printing modes.
II. EXPERIMENTAL DETAILS

A. Inkjet Prototype Printer and Printing Parameters
The industrial inkjet prototype printer [16] is developed inhouse and designed as an integrate system including precisely controlled droplets jetting, three-dimensional (3-D) motors driving, real-time droplets jetting watcher, automatic inks supply, and silicon wafer holder with pre-heating temperature controller, as shown in Fig. 1 . In this prototype printer, four arrays of industrial inkjet printheads are supported, where one array contains four printheads. Fig. 1(b) illustrates the scenario of one array with four printheads deposits the droplets onto the motional silicon wafer. The silicon wafer is placed and vacuum clamped on the wafer holder and performs reciprocating motion around the printheads array for multiple layers printing. The distance between printhead nozzles and silicon wafers is fixed as 1 mm. The velocity of motion system is fixed as 150 mm/s and its repetitive positioning accuracy is within 5 μm, which guarantees the droplets deposition precisely in desired regions on silicon wafers.
The inkjet printheads are selected as KM512MNB (Konica Minolta, Inc., Japan), which is designed for high throughput and high reliable industrial applications. Its nozzle diameter, nozzle spacing, and number of nozzles are 27 μm, 70.5 μm, and 512, respectively. Each nozzle of printhead could be computerized programming controlled and monitored by the integrated droplet watcher system. Moreover, the voltage driven waveform for printhead could be well tuned to modulate the droplet volume and velocity.
B. Inkjet Nanoinks and Multi-Crystalline Silicon Wafers
The inkjet nanoinks have the silver particle size ∼50 nm with a metallic solid concentration of 30-35 wt. % (ANP, Inc., Korea). The multi-crystalline silicon wafers (Hunan Red Solar Co., Ltd, China) have the size of 156 × 156 mm and the surface is antireflection coated with rough and anisotropic features. Actually, the wettability of silicon surface plays an important role in the dynamics and final outcome of printed patterns [17] [18] [19] . The contact angles of silicon wafer are measured by the contact angle meter (JC2000D, Powereach, China). The surface of silicon wafer with the SiN x antireflection layer is hydrophilic with equilibrium contact angle between silver nanoinks and silicon wafer of θ eqm = ∼ 20.3
• at room temperature. Moreover, the advancing and receding contact angle are measured as θ adv = ∼ 34.7
• and θ rec = ∼ 5
• , respectively. To exhibit the anisotropic features of untreated multi-crystalline silicon wafers, the continuous and interlacing droplet matrixes are inkjet-printed as illustrated in Fig. 2 . It apparently demonstrates that the rough and anisotropic features result in quite irregular footprints for droplets instead of rounded patterns. In fact, untreated multi-crystalline silicon surfaces could deteriorate the regular printed formation and make it difficult to obtain the desired uniform geometrical morphologies. 
III. RESULTS AND DISCUSSION
A. Inkjet Printing Parameters Optimizing
As the surface of silicon wafer is hydrophilic to the silver nanoinks, the droplet impacts the surface which leads to a large spreading outcome. The inkjet printhead with 27 μm nozzle diameter sprays droplet with ∼14 pl volume and ∼6 m/s velocity by the standard voltage waveform. To obtain high-resolution patterns, the voltage waveform should be optimized to modulate droplet properties such as volume and velocity [20] , [21] . The typical voltage waveform is composed of high voltage V H , low voltage V L , and pulse duration time T H , T L , as shown in Fig. 3 . Generally, the value of T L is fixed two times as large as T H . In the drop-on-demand printhead, the value of V H expands the nozzle channel to draw the ink meniscus. Afterward, the channel is contracted by the value of V L and the liquids are ejected outside the nozzle to form the droplet. 
B. Continuous Printing Mode With Multiple Layers Printing
The inkjet-printed line formation is essentially the process of successive droplets at a specified spacing impingement and coalescence onto the solid substrate. Based on the volume conservation between droplet and deposited pattern, the diameter of deposited pattern D eqm is derived as follows:
where D 0 denotes the diameter of the jetted droplet and θ eqm is the equilibrium contact angle between the droplet and silicon wafer. Since the receding contact angle in the deposition scenario is θ rec = ∼ 5
• , the contact line of droplet is pinned on the silicon surface and does not retreat. Therefore, the value of D eqm is equal to the minimal width of the printed line and the maximum droplet spacing p max could be derived as follows [22] : 
The values of D eqm and p max are calculated as 59.84 and 35.4 μm, respectively. As a recommended droplet spacing, the value of p max could help determine the optimized ranges in the experiment. In the scenario of multiple layers inkjet printing, appropriate pre-heating of silicon wafer is significant which could accelerate the evaporation of nanoinks solvent for improving the deposition morphology [14] . Therefore, one layer and four layers lines are printed on the multi-crystalline silicon wafers with droplet spacing 35 μm and pre-heating temperature 80°C, as shown in Fig. 5 . It is illustrated that the printed line of one layer is uniform with the theoretical droplet spacing. However, as the printed layer increases to four layers, the bulging effect is taken place which results in the non-uniform line morphology.
For the nearly zero receding contact angle of multi-crystalline silicon surface, the final footprint and morphology of the printed line are mainly dominated by the inertial forces and surface tension. The timescales of the dominant forces play important roles in the line formation dynamics. The inertial and surface tension timescales are defined as follows [23] :
where u is the droplet velocity, ρ and σ denote the droplet density and surface tension, respectively. Based on (3) and (4), the timescales of inertial and surface tension are calculated as t u = 8.7 μs and t σ = 24 μs. However, it is noted that the evaporation timescale is approximately millisecond [22] , which is a larger magnitude than timescales of inertial and surface tension forces. Therefore, with the effects of droplet overlap and multiple layers deposition of continuous printing mode, the axial flows along the printed line could be accumulated which are considered as the significant factor of line stability [24] , [25] . When the accumulated fluids exceed the advancing contact angle, the bulging morphology could be eventually formed. Furthermore, the rough and anisotropic features of silicon surface could help accumulate the fluids along the silver track to give rise in the irregulate bulging effect. Hence, the theoretical droplet spacing is not suitable for continuous inkjet printing uniform line formation with the multiple layers in the untreated multi-crystalline silicon surface.
The comprehensive experiments with varying printing parameters are carried out to explore the finger formation by continuous printing mode. Fig. 6 illustrates the finger morphologies printed multiple layers (ten layers) with varying droplet spacings and pre-heating 80°C. It is observed that, with decreasing droplet spacing 25 μm, the bulging effect apparently occurs along the silver track. On the contrary, the overlap region is small enough with increasing droplet spacing 50 μm, which results in the scalloped morphology. The droplet spacings are optimized in the range of 30, 35, 40, and 45 μm. However, the bulging morphologies could not be completely eliminated.
On the other hand, inkjet-printed fingers with multiple layers are performed with increased pre-heating temperatures. Fig. 7 illustrates the printed fingers morphologies with pre-heating 100 and 120°C for varying droplet spacings. With the pre-heating temperature increasing, the circular coffee ring effects are observed along the printed fingers instead of bulging morphologies. Actually, the increased pre-heating of substrate accelerates the evaporation of droplet solvent which could decrease the width of the printed finger. Moreover, due to the pinned contact line on hydrophilic silicon wafers, silver particles of multiple layers are transferred to the edges. Afterward, the thick rims of coffee ring morphologies exceed the advancing contact angle and flow out of the silver track. The coffee ring effect could deteriorate the morphologies of printed fingers. Further increasing the pre-heating temperature or varying the inks formulation could weaken the coffee ring effects. However, intensive heat transfer could influence the jetting behaviors for precision printhead [26] , [27] . The variation of inks formulation gives rise in the inkjet instabilities and time cost [28] . Therefore, the interlacing printing mode is introduced for multiple layers inkjet printing to obtain uniform and high-aspect-ratio finger electrodes fabrication.
C. Uniform and High-Aspect-Ratio Line Formation With Interlacing Printing Mode
Tekin et al. [29] proposed a multi-level matrix printing mode to fabricate regular and smooth films. Recently, Kwon et al. [30] investigated the similar interlacing printing mode to fabricate thick and narrow silver tracks on the treated hydrophobic substrate. In this section, we introduce the interlacing printing mode to fabricate the high-aspect-ratio and uniform finger electrodes on multi-crystalline silicon wafers. Fig. 8 illustrates the schematic of interlacing printing mode for multiple layers deposition. In the interlacing printing mode, a train of successive droplets of Layer1 are deposited on the interspace of previously deposited Layer0. Afterward, the droplets of Layer2 are deposited on the top of Layer0. The repetitive positioning accuracy of our in-house inkjet prototype is within 5 μm to guarantee the implementation of this printing approach. Fig. 9 illustrates the fingers morphologies interlacing printed 20 layers for varying droplet spacings with pre-heating temperature 80°C. Compared with the case of continuous printing mode, the interlacing printed finger morphology is more uniform and no bulging is formed. With the optimized droplet spacings 30-45 μm, adjacent droplets of each layer impact on the silicon wafer without contacting each other. It is noted that the evaporation rate defined as λ(θ) = (π − 2θ)/(2π − 2θ) [31] is increased with the hydrophilic silicon surface. Moreover, the quantities of droplets for each layer are half of the case for continuous printing mode which could sufficiently evaporate the droplets solvent with the pre-heating temperature 80°C. Afterward, subsequent interlacing layers of droplets are deposited on the interspace between adjacent droplets of previous layer. Since the droplets solvent for each interlacing layer could be sufficiently evaporated, the influences between adjacent interlacing layers are suppressed. Moreover, it is observed that the interlacing printing mode could obtain uniform line formation with a high tolerance of droplet spacing variance (30-45 μm). However, due to the hinder of adjacent droplets coalescence, the separate droplet footprints could be found, shown in the bottom row of Fig. 9 , which could be improved by more multiple layers printing. Fig. 10 illustrates the fingers morphologies interlacing printed 40 and 80 layers for varying droplet spacings. The corresponding width and height of printed fingers of multiple layers are demonstrated in Fig. 11 . It is observed that with the deposition layers increasing, the footprints of fingers are uniform for the range of droplet spacing 30-45 μm. However, it is noted that the waved morphologies are formed on the finger top. It results from the moderate coffee ring effect with the pre-heating temperature 80°C which rises the droplet rims and lowers the center regions. With the droplet spacing of 30 μm, the width of the printed finger is larger than that of the increased droplet spacing. Moreover, subtle bulging is formed for 80 layers with 30 μm droplet spacing, as shown in Fig. 10 . It is explained that the solvents of each interlacing layer could not be completely evaporated with more deposition layers and close droplet spacing. The residual solvents are accumulated and exceeded the advancing contact angle, which result in the bulging formation. When the droplet spacing increases to 35-45 μm, the widths of printed line are not influenced by the interlacing printing layers and maintain the stable values of ∼60 μm. Furthermore, the heights of the printed finger are increasing with more deposition layers, as shown in Fig. 11(b) , and achieve the aspect-ration of the printed finger up to 0.22.
Finally, the interlacing printed finger is performed and investigated experimentally with increased pre-heating temperature 100°C. Fig. 12 illustrates the fingers morphologies interlacing printed with droplet spacing 35 μm for multiple deposition layers. It is apparent that the coffee ring morphologies are taken place on the top of fingers which result in the instability of line formation. The width and height of printed fingers of multiple layers with increased pre-heating temperature 100°C are demonstrated in Fig. 13 . It is observed that the minimal widths ∼45 μm of fingers are formed with 20 deposition layers attributing to the enhanced evaporation of droplet solvents with pre-heating 100°C. However, it is noted that the widths of fingers with 40 and 80 layers are increased, which are different from the case for pre-heating temperature 80°C. In fact, the increased droplets layers and pre-heating temperature could enhance the coffee ring effect. Much more silver particles accumulated on the edge of finger exceed the advancing contact angle and flow out of the silver track, which eventually increases the finger width. Nevertheless, compared with the case of continuous printing mode in Fig. 7 , the coffee ring morphologies are suppressed and constrained on the top of fingers by the interlacing printing mode.
IV. CONCLUSION
In this study, the geometrical morphologies for uniform and high aspect-ratio silver finger electrodes are inkjet-printed on untreated multi-crystalline solar cells by utilizing the in-house developed inkjet prototype printer. Voltage-driven waveform of printhead is well modulated to optimize the droplet volume and velocity. Moreover, the finger morphologies fabricated by continuous and interlacing printing modes are quantitatively explored with varying droplet spacing, pre-heating temperature, and multiplying deposition layers.
With the continuous printing mode, the printed finger of one layer is uniform with the theoretical droplet spacing. However, with the increased printed layers, the bulging morphologies are taken place, which deteriorate the printed finger morphology. Although the droplet spacings vary in the range of 30-45 μm, the bulging morphologies could not be completely eliminated for the rough and anisotropic silicon surface. Moreover, increasing the pre-heating temperatures to 100 and 120°C results in intensive coffee ring morphologies along the printed fingers.
The interlacing printing mode is introduced for multiple layers inkjet printing for obtaining uniform and high-aspect-ratio finger electrodes. It is observed that the width of the interlacing printed finger is not influenced by the printing layers and maintains the stable values of ∼60 μm with the pre-heating temperature 80°C. Moreover, the interlacing printing mode has a high tolerance of droplet spacing variance (30-45 μm) . As the pre-heating temperature increases to 100°C, the minimal width ∼45 μm of the printed finger is obtained with 20 layers. With increasing 40 and 80 printing layers, the coffee ring morphologies are constrained on the top of fingers and the printed fingers are more uniform than that by the continuous printing mode. Therefore, although the interlacing printing mode could decrease the throughput, it could be outweighed by fabricating the uniform and high aspect-ratio finger electrodes on untreated and anisotropic multi-crystalline solar cells. In the next step, the sophisticated processes including fire-through optimization and finger defects detection could be carried out for photovoltaic production. Moreover, to balance the throughput and production cost, the multi-busbar design could be considered to reduce the amount of printed layers. Furthermore, the consumption of Ag materials and the solar cell efficiency should be optimized to offset the price differences of Ag between inkjet and screen printing. This study not only offers good guidance of finger electrodes fabrication for multi-crystalline solar cell, but also proposes in-depth insights for the 3-D circuit structures fabrication of the emerging printed electronics.
